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The ground state vinylidene–acetylene isomerization was investigated by ab initio molecular
electronic structure theory. The coupled-cluster method with single, double, and noniterative
inclusion of triple excitations @CCSD~T!#; with single, double, and noniterative inclusion of triple
and quadruple excitations @CCSD~TQ!#; and with full single, double, and triple excitations
~CCSDT! were used to treat the effect of electron correlation. Several correlation-consistent
polarized valence basis sets, cc-pVXZ, were employed. Theoretical limiting values of the energetics
of the reaction were then deduced from the series of computations. With zero-point energy
correction, the energy of reaction is 242.95 kcal/mol and the reaction barrier is 1.5 kcal/mol. Both
agree excellently with experimental values. © 1997 American Institute of Physics.
@S0021-9606~97!03008-0#I. INTRODUCTION
Vinylidene1–2 has long been proposed as an intermediate
in many chemical reactions and been studied extensively
both experimentally3–6 and theoretically.7–11 Most of the ear-
lier studies addressed the fundamental issue of whether vi-
nylidene is a true intermediate or a saddle point on the C2H2
potential energy surface. Recently, both experiments3–5 and
calculations9–10 indicated that vinylidene exists. Neverthe-
less, the stability, i.e., the reaction barrier of the vinylidene–
acetylene rearrangement, has not yet been accurately re-
solved. It is possible, nowadays, to determine molecular
energies approaching the limiting value of full configuration
interaction ~FCI! with a complete basis set ~CBS! for small
molecules.12–14 This reaction system is particularly suitable
for such a study; because the molecule is small, high level ab
initio calculations are feasible, and the energetics needs to be
determined as accurately as possible. In this paper we report
calculations with systematically enhanced correlation levels
and basis sets to derive a limiting value for the energetics of
the isomerization of vinylidene–acetylene.
The accurate value of the energy barrier for the
vinylidene-acetylene isomerization is vital in determining the
lifetime of vinylidene. Lineberger3 and co-workers observed
the X˜ 1A1 ground state and several excited states ~a˜ 3B2 and
b˜ 3A2! of vinylidene by ultraviolet photoelectron spectros-
copy of the anion and deuterated anions. From the observed
2 0 CH2 rock transition, they concluded that vinylidene is a
stable species with a well in the C2H2 potential energy sur-
face at least as deep as 1.3 kcal/mol. They also conjecturally
estimated the energy barrier of the vinylidene–acetylene
isomerization to be near 2 kcal/mol based on the lineshape
analysis of the vibrational spectra and an earlier TZ1PCI
calculation.8 The heat of isomerization between acetylene
and vinylidene has also been investigated repeatedly. The
study by ultraviolet photoelectron spectroscopy yielded a
value of 46.465.5 kcal/mol.3 A later study of the accurately
determined bond energies of acetylene by Lineberger and
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et al. suggested an upper bound of 44.1–44.7 kcal/mol ac-
cording to stimulated emission pumping spectra of
acetylene.5 Also, an RRKM analysis of shock tube data
yielded a heat of isomerization of 4462 kcal/mol.6 All these
data are mutually consistent, but disagree with a value of 66
kcal/mol estimated from bond additivity.15 The erroneous es-
timation by bond additivity implies that the bonding nature
of vinylidene is different from the conventional arguments of
bond order.
The vinylidene–acetylene isomerization has been inves-
tigated via ab initio calculations for nearly two decades.7–10
Originally, the calculated classical reaction barrier for the
isomerization was fairly high. However, the computationally
predicted classical energy barrier decreased with the inclu-
sion of either larger basis sets or higher levels of electron
correlation. Pople et al. carried out a series of theoretical
calculations with Moller–Plesset perturbation theory on this
isomerization.7 At the highest level employed, MP4/6–311
G**//MP2/6–31G*, they obtained a classical barrier of 2.2
kcal/mol, and the energy barrier with zero-point energy
~ZPE! corrections was reduced to 0.9 kcal/mol. They there-
fore suggested that further refinement of the theoretical treat-
ment would entirely eliminate the activation barrier for rear-
rangement. However, recent experiments concluded other-
wise, as mentioned above.3–5 This isomerization was later
reexamined by Schaefer and co-workers by extensive
calculations.8,9 They obtained classical barriers of 6.1 kcal/
mol at CCSD/TZ12P and 4.6 kcal/mol at CCSD/TZ12P
1f //CCSD/TZ12P levels of theory.9 The inclusion of one f
orbital in the basis function set lowered the classical barrier
by 1.5 kcal/mol. They also found that a single-point energy
calculation at the CCSDT21/TZ12P level of theory reduced
the classical barrier by 1.5 kcal/mol, compared with that at
the CCSD/TZ12P level. They hence extrapolated to a value
of approximately 3.0 kcal/mol for the best estimate of the
classical barrier of the vinylidene–acetylene rearrangement.9
Later, Petersson et al. studied this rearrangement by their
CBS-QCl/@...3d2f# APNO model,10 and reported the classical
barrier to be 2.1660.5 kcal/mol and the energy of reaction32373237/6/$10.00 © 1997 American Institute of Physics
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kcal/mol. Though the difference between the two high-level
calculations is only roughly 0.8 kcal/mol, this newer classi-
cal barrier of 2.16 kcal/mol is likely to be too low. With the
ZPE correction, it is not possible to hold a well at least as
deep as 1.3 kcal/mol, as observed experimentally by
Lineberger et al.3 Apparently, a new theoretical study with
vibrational analysis is required to completely resolve the en-
ergetics and mechanism.
In the present study, we have investigated the
vinylidene-acetylene rearrangement with geometry optimiza-
tion and frequency calculation for each species. Coupled-
cluster calculations with different excitations have been per-
formed. For each species, a series of basis sets including
correlation-consistent basis sets that varied from double to
quadruple zeta quality, and atomic natural orbital ~ANO! ba-
sis sets are used. The CBS limit of each coupled-cluster level
is estimated from these results. Vibrational frequencies are
also calculated to probe the reaction coordinate of the tran-
sition state, and to examine the well depth of the CH2 rock
mode of vinylidene. Theoretical limiting values of the clas-
sical barrier of this rearrangement as well as a plausible re-
action barrier and energy of reaction are estimated.
II. COMPUTATIONAL PROCEDURE
Extensive ab initio calculations based on coupled-cluster
theory were carried out with several basis sets. Three of them
were Huzinaga–Dunning sets16–18 of contracted Gaussian
functions: DZP ~double-zeta plus polarization!, TZP ~triple-
zeta plus polarization!, and TZ2P ~triple-zeta plus double
polarization! basis sets. Another three basis sets were the
more recently developed Dunning’s correlation-consistent
polarized valence basis sets,19 cc-pVDZ @double-zeta having
(9s4p1d)/[3s2p1d] for second row atoms and (4s1p)/
[2s1p] for the H atom#, cc-pVTZ @triple-zeta having
(10s5p2d1 f )/[4s3p2d1 f ] for second row atoms and
(5s2p1d)/[3s2p1d] for the H atom#, and cc-pVQZ
@quadruple-zeta having (12s6p3d2 f1g)/[5s4p3d2 f1g]
for second row atoms and (6s3p2d1 f )/[4s3p2d1 f ] for
the H atom#. ANO basis sets, (14s9p4d3 f )/[7s7p4d3 f ]
for carbon and (8s4p3d)/[6s4p3d] for H, developed by
Widmark, Malmqvist, and Roos,20 were also employed. The
coupled-cluster ~cc! method with single and double excita-
tions and with noniterative inclusion of the triple excitations
approximation21,22 @CCSD~T!# was used to carry out geom-
etry optimization with the DZP, TZP, TZ2P, cc-pVDZ, and
cc-pVTZ basis sets. Single-point energy calculations were
done with coupled clusters with single and double
excitations21 ~CCSD! and CCSD~T! levels with the cc-pVQZ
basis set; full single, double, and triple excitation coupled-
cluster method23 ~CCSDT!; and single and double excita-
tions and with noniterative inclusion of triple and quadruple
excitations approximation24 @CCSD~TQ!# with smaller basis
sets: DZP, TZP, TZ2P, cc-pVDZ, and cc-pVTZ. All calcu-
lations except those using ANO basis sets were done without
the frozen core approximation.
All equilibrium geometries and transition structures wereJ. Chem. Phys., Vol. 106, N
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states were characterized with one and only one imaginary
frequency. Geometry optimizations for the transition state of
vinylidene–acetylene isomerization were started from non-
planar initial structures. Nevertheless, the optimization
yielded a practically planar structure, it then was optimized
for planar stationary geometry. Harmonic vibrational fre-
quencies were evaluated by finite central differences of ana-
lytic gradients using the CCSD~T! method with DZP, TZP,
TZ2P, cc-pVDZ, and cc-pVTZ basis sets. Whether single-
reference-based methods are appropriate for every species
was tested with t1 diagnostics,25 which is the Euclidean norm
of the T1 vector of the CCSD wave function normalized by
the number of valence electrons. CC calculations were car-
ried out with the ACES II program.26
Three sets of correlation-consistent basis sets: cc-pVDZ,
cc-pVTZ, and cc-pVQZ, were used to calculate the mini-
mum energy of each species of the rearrangement at CCSD
and CCSD~T! levels. Thus, the complete basis set limit of
energy at each of these two levels can be estimated according
to the exponential function13
A~X !5A~`!1Be2~X21 !1Ce2~X21 !
2
, ~1!
where X is the cardinal number of the basis set ~2, 3, 4 for
the DZ, TZ, and QZ set, respectively! and A~`! is the ex-
trapolated CBS limit as X!`. The CBS limits of higher
level CC methods are extrapolated from these CBS values,
referencing a comprehensive study14 of water including vari-
ous levels of CC and FCI calculations. Finally, a limiting
value of energy by ab initio calculation, denoted as the FCI/
CBS limit, is estimated.
III. OPTIMIZED STRUCTURES AND ENERGETICS
The structures of vinylidene, acetylene, and the transi-
tion structure for the rearrangement are shown in Fig. 1. The
t1 values for vinylidene, the transition structure, and acety-
lene are 0.0172, 0.0223, and 0.0134, respectively, with the
FIG. 1. Structures of species involved in the vinylidene–acetylene isomer-
ization: ~a! vinylidene, ~b! the transition structure, and ~c! acetylene.o. 8, 22 February 1997
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Downloaded¬21TABLE I. Optimized geometries for species involved in the vinylidene–acetylene isomerization computed at
the CCSD~T! level of theory with various basis sets. ~Bond distances in Å, angles in deg.!
Coordinate
CCSD~T!
DZP TZP TZ2P cc-pVDZ cc-pVTZ
Vinylidene
C1C2 1.328 1.311 1.305 1.326 1.300
C2H3 1.094 1.088 1.084 1.100 1.081
/C1C2H3 120.30 120.37 120.21 120.18 120.03
Transition structure
C1C2 1.281 1.266 1.258 1.281 1.255
C2H3 1.396 1.388 1.383 1.405 1.378
C2H4 1.084 1.074 1.070 1.088 1.067
/C1C2H3 53.64 53.91 53.84 53.65 53.79
/C1C2H4 178.52 178.27 178.72 177.82 178.33
Acetylene
C1C2 1.228 1.214 1.208 1.228 1.205
C1H3 1.075 1.067 1.063 1.078 1.058cc-pVTZ basis set; and 0.0141, 0.0225, and 0.0177, respec-
tively, with the cc-pVQZ basis set. All the T2 amplitudes are
smaller than 0.1; in fact, only the largest one of each species
is greater than 0.05. Thus, single-reference-based coupled-
cluster methods are adequate for studying this rearrangement
reaction. The optimized bond lengths and bond angles at the
CCSD~T! level of theory with DZP, TZP, TZ2P, cc-pVDZ,
and cc-pVTZ basis sets are listed in Table I. The converged
geometry can be classified as of double-zeta ~DZ! and triple-
zeta ~TZ! quality. The results with TZ2P and cc-pVTZ basis
sets indicate that the f basis function does not notably affect
the optimized geometry. The geometries of the CCSD~T!/cc-
pVTZ computation of the three species are essentially iden-
tical to those of CCSD/TZ12P by Petersson et al.10 The cal-
culated bond length of acetylene agrees with experimental
values27 to 0.03 Å. The geometry of vinylidene has the stan-
dard characteristic bond length and bond angle of the sp2
hybridized carbon atom. The transition state has a CC bond
length almost halfway between the CC double bond of the
reactant and the triple bond of acetylene. One of the hydro-
gen atoms binds with both carbon atoms. The CH bond dis-
tances are longer than a normal CH bond, with the bridged
hydrogen atom closer to the original carbene carbon by about
0.18 Å. The unshifted CH bond is slightly shortened to be
closer to the product and has a nearly linear CCH structure.
The structural analysis suggests that the transition structure
is somewhat closer to the product than to the reactant.
The energetics of the species involved in the vinylidene–
acetylene isomerization computed by different levels of CC
theory with several basis sets are summarized in Table II.
For each computational level used, total energies calculated
with DZ basis sets are generally higher than those with TZ
basis sets. There are gaps between DZ and TZ basis sets for
both the reaction barrier and energy of reaction. The reaction
barrier using DZ basis sets is larger by ;1.5–2.7 kcal/mol
than that using TZ basis sets, whereas the energy difference
between vinylidene and acetylene (DE) is smaller by 4 kcal/
mol. In contrast, the differences between relative energies by
TZP and those by TZ2P are within a mere 0.5 kcal/mol.J. Chem. Phys., Vol. 106, N
¬Nov¬2007¬to¬211.23.84.2.¬Redistribution¬subjecObviously, the use of basis sets with TZ quality is essential
to studying such a system, and one more set of (d ,p) func-
tions does not affect results significantly. The differences
TABLE II. Energies of species involved in the vinylidene–acetylene
isomerization at geometries optimized at the CCSD~T! level of theory with
the specified basis set function. Total energies ~Hartree! for vinylidene and
energies ~kcal/mol! relative to vinylidene for the transition state and acety-
lene.
Level of theory Vinylidene TS Acetylene
CCSD/DZP 277.071 794 6.46 239.47
CCSD/TZP 277.097 514 5.11 243.31
CCSD/TZ2P 277.118 936 5.37 242.73
CCSD/cc-pVDZ 277.039 131 6.02 240.41
CCSD/cc-pVTZ 277.130 574 4.12 244.49
CCSD/cc-pVQZa 277.178 446 4.26 244.26
CCSD/CBSb 277.207 655 4.43 243.96
CCSD~T!/DZP 277.081 490 4.83 240.52
CCSD~T!/TZP 277.109 076 3.44 244.59
CCSD~T!/TZ2P 277.132 182 3.64 244.06
CCSD~T!/cc-pVDZ 277.048 953 4.32 241.62
CCSD~T!/cc-pVTZ 277.145 148 2.33 245.91
CCSD~T!/cc-pVQZa 277.194 535 2.41 245.74
CCSD~T!/CBSb 277.224 604 2.54 245.48
CCSD~TQ!/DZP 277.081 294 5.29 240.32
CCSD~TQ!/TZP 277.108 234 4.05 244.09
CCSD~TQ!/TZ2P 277.131 227 4.28 243.51
CCSD~TQ!/cc-pVDZ 277.049 743 4.52 241.55
CCSD~TQ!/cc-pVTZ 277.145 417 2.67 245.61
CCSD~TQ!/CBSc 277.224 873 2.87 245.18
CCSDT/DZP 277.081 405 5.33 239.98
CCSDT/TZP 277.108 698 4.02 243.90
CCSDT/TZ2P 277.131 717 4.25 243.34
CCSDT/cc-pVDZ 277.049 896 4.54 241.26
CCSDT/cc-pVTZ 277.145 944 2.63 245.44
CCSDT/CBSc 277.225 400 2.83 245.01
CCSD/ANOa,d 277.120 150 4.70 242.66
CCSD~T!/ANOa,d 277.135 527 2.87 244.10
aWith structure optimized at the CCSD~T!/cc-pVTZ level.
bFitted according to Eq. ~1!.
cEstimated value.
dThe calculations with ANO basis sets used the frozen core approximation.o. 8, 22 February 1997
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cc-pVTZ results are 1.3–1.6 kcal/mol smaller in reaction
barrier and approximately 1.8 kcal/mol larger in DE . Hence,
the inclusion of at least one set of f orbitals is vital. How-
ever, with the larger basis set cc-pVQZ, the improvement
over cc-pVTZ is only less than 0.14 and 0.25 kcal/mol for
classical barrier and DE , respectively. Therefore, the addi-
tion of one set of g orbitals is not computationally efficient in
improving the energy of the vinylidene–acetylene isomeriza-
tion. At both CCSD and CCSD~T! levels, the large ANO-
type basis set yields classical barriers slightly ~;0.5 kcal/
mol! larger than the cc-pVTZ set, while it yields an ;1.8
kcal/mol smaller DE . Examining results with different com-
putational levels, one notices that the triple excitations affect
the relative energies significantly with all basis sets. The re-
action barrier decreases by ;1.75 kcal/mol and DE increases
by ;1.5 kcal/mol when noniterative triple excitations are
FIG. 2. Total energy of the transition structure of the vinylidene–acetylene
isomerization as functions of the cardinal number of the correlation-
consistent basis sets, cc-pVXZ, X52, 3, and 4. The solid curves are fitted
according to Eq. ~1!.
FIG. 3. Convergence of the classical barrier with respect to the cardinal
number of basis sets.J. Chem. Phys., Vol. 106, N
Downloaded¬21¬Nov¬2007¬to¬211.23.84.2.¬Redistribution¬subjecconsidered, comparing results at CCSD~T! and CCSD levels
with various basis sets. The partial inclusion of quadruple
excitations of CCSD~TQ! increases the barrier by 0.33 kcal/
mol and decreases DE of the reaction by less than 0.3 kcal/
mol relative to CCSD~T!. The complete single–double–
triple treatment CCSDT yields results similar to those by
CCSD~TQ!. The inclusion of triples in the CC methods
yields values of the reaction barrier comparable to those by
QCISD~T! computations,10,28 2.72 and 2.63 kcal/mol from
QCISD~T!/@...3d2 f#//CCSD/TZ12P, and QCISD~T!/6-311
11G~3df,2dp!//QCISD~T!/6-311G**, respectively.
The correlation-consistent basis sets, cc-pVXZ, con-
verge the energy toward the complete basis set limit when
the size of the basis set is increased.19 The CBS limit value
can be obtained by fitting the energies computed with several
cc-pVXZ basis sets ~X52, 3, and 4! according to Eq. ~1!.13
Figure 2 shows the fitted energy curves, with CCSD and
CCSD~T! computations, of the transition structure. The en-
ergy curves of vinylidene and acetylene resemble those of
the transition structure and are not shown here. Figure 3
shows the convergence of the classical barrier of the
vinylidene-acetylene rearrangement at various levels as func-
tions of the basis size. The estimated CBS limit of the clas-
sical barrier, which is the difference between the CBS limits
of the reactant and the transition structure, is 4.43, 2.54, 2.87,
FIG. 4. Convergence of the classical barrier with respect to the level of
coupled cluster.
FIG. 5. ~a! The CH2 rock mode of vinylidene. ~b! The vibrational mode with
an imaginary frequency of the transition structure.o. 8, 22 February 1997
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Downloaded¬21TABLE III. Harmonic vibrational frequencies ~cm21! for species involved in the vinylidene–acetylene isomer-
ization computed with CCSD~T!/TZ2P and CCSD~T!/cc-pVTZ methods.
CCSD~T!/TZ2P
Vinylidene 367~b2! 743~b1! 1238~a1! 1656~a1! 3144~a1! 3240~b2!
Tran. struc. 967i(a8) 560~a9! 897~a8! 1799~a8! 2538~a8! 3361~a8!
Acetylene 512~pg! 704~pu! 2000~sg1! 3393~su1! 3497~sg1!
CCSD~T!/cc-pVTZ
Vinylidene 327~b2! 769~b1! 1234~a1! 1682~a1! 3159~a1! 3228~b2!
Tran. struc. 936i(a8) 575~a9! 905~a8! 1821~a8! 2559~a8! 3377~a8!
Acetylene 589~pg! 753~pu! 2016~sg1! 3409~su1! 3533~sg1!
Experiment
Vinylidenea 320~b2! 2~b1! 1165~a1! 1635~a1! 3025~a1! 2~b2!
Acetyleneb 624~pg! 747~pu! 2011~sg1! 3415~su1! 3497~sg1!
aExperimental fundamental frequencies from Ref. 3.
bExperimental harmonic frequencies from Ref. 29.and 2.83 kcal/mol for CCSD, CCSD~T!, CCSD~TQ!, and
CCSDT, respectively. The classical barrier as a function of
levels of computations with cc-pVDZ, cc-pVTZ basis sets is
shown in Fig. 4. Also shown in Fig. 4 is the curve composed
of CBS limits obtained from fitting Eq. ~1! for the lower
levels, CCSD and CCSD~T!; and from estimation by com-
paring the differences among levels and among basis sets for
higher levels, CCSD~TQ! and CCSDT. The FCI/CBS limit
of the classical barrier is then extrapolated to be 2.85 kcal/
mol. This value is larger than the 2.2 kcal/mol with
MP4~SDTQ!7 and CBS-QCI/@...3d2 f# APNO model10 calcu-
lations, but is smaller than the 3.0 kcal/mol9 estimated from
the CCSD/TZ12P1f calculation, with corrections of the
triple excitation effect from the CCSDT-1/TZ12P single-
point calculation. The DE of the reaction is generally larger
with a larger basis set, except it decreases as the basis set
changes from cc-pVTZ to cc-pVQZ. The estimated CBS
limit is 243.96, 245.48, 245.18, and 245.01 kcal/mol for
the CCSD, CCSD~T!, CCSD~TQ!, and CCSDT level, respec-
tively. The extrapolated FCI/CBS limit of DE is 245.1 kcal/
mol.
IV. VIBRATIONAL ANALYSIS AND ZERO-POINT
ENERGY
The vibrational frequencies of vinylidene, acetylene, and
the transition structure of the isomerization were calculated
at CCSD~T! level with basis sets used for geometry optimi-
zation, except cc-pVDZ. The harmonic frequencies com-
puted with TZ2P and cc-pVTZ basis sets are listed in Table
III also listed are experimental values of vinylidene3 and
acetylene.29 For acetylene, the largest deviation of the com-
puted frequencies with the cc-pVTZ basis set is 37 cm21,
while it is 112 cm21 with the TZ2P set. The cc-pVTZ set has
one f function, which is not included in the TZ2P set. The
improvement of the accuracy with this one f basis function is
significant, as noted by Handy et al.30 Most remarkable
changes are from the p bending modes. Comparison of cur-
rent data with those of Handy et al. indicates that the fre-
quencies are improved with the noniterative inclusion of
triple excitations. The deviation of zero-point energy ~ZPE!
between results of CCSD~T!/cc-pVTZ and experiment29 is
only 0.07 kcal/mol. For vinylidene, a linear regression of theJ. Chem. Phys., Vol. 106, N
¬Nov¬2007¬to¬211.23.84.2.¬Redistribution¬subjeccalculated harmonic frequencies and the experimental values
for the four experimentally observed modes shows that the
fundamental frequency is approximately 0.96 of the calcu-
lated harmonic frequency of CCSD~T!/cc-pVTZ. The calcu-
lated frequency of the CH2 rock mode, which corresponds to
the H 1,2 shift, is 327 cm21, while the experimental estima-
tion is 320 cm21. This CH2 rock mode is closely related to
the formation of the transition structure and corresponds to
the a8 mode of the transition structure, as shown in Fig. 5.
This a8 mode has an imaginary frequency and is the CH
stretching motion leading to the bond breaking to form the
product.
The ZPE for vinylidene, the transition state, and acety-
lene are 14.86, 12.99, and 16.08 kcal/mol, respectively, at
the CCSD~T!/DZP level of computation; 14.80, 13.18, and
16.33 kcal/mol with the TZP basis set; 14.85, 13.09, and
16.19 kcal/mol with the TZ2P basis set; and 14.87, 13.21,
and 16.65 kcal/mol with the cc-pVTZ basis set. The ZPE
correction to the energy difference of reactant and product is
11.78 kcal/mol at the CCSD~T!/cc-pVTZ level; the ZPE
corrected energy of the reaction is 242.95 kcal/mol, which
falls in the experimentally observed region.3–6 The vibra-
tional contribution to the reaction barrier is 1.7660.1 kcal/
mol. This leads to an activation energy of 1.1 kcal/mol.
However, in order to compare with the experimental well
depth of vinylidene, some adjustment must be considered.
The computed frequency of vinylidene is higher than experi-
mental measurements and the resulting difference in ZPE is
approximately 0.5 kcal/mol. With this adjustment, the ZPE
may lower the 1,2-hydrogen shift barrier by ;1.3 kcal/mol.
Hence, the ZPE adjusted well depth of vinylidene is about
1.5 kcal/mol. This depth agrees with the experimental obser-
vation of the well depth of the CH2 rock mode being larger
than 1.3 kcal/mol.
V. CONCLUSION
From coupled-cluster calculations including CCSD,
CCSD~T!, CCSDT, and CCSD~TQ! with a series of
correlation-consistent basis sets, we estimate the limiting
value of the computed classical barrier of the vinylidene-
acetylene rearrangement to be 2.85 kcal/mol. With the ad-
justment of zero-point energies, the reaction barrier of thiso. 8, 22 February 1997
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excellently with the estimated well depth of vinylidene being
larger than 1.3 kcal/mol by Lineberger3 from their ultraviolet
photoelectron spectroscopy study. The best theoretical esti-
mation of the energy of the reaction is 242.95 kcal/mol with
the ZPE correction. It is evident that high level calculation,
CCSD~T! or above, with a large basis set, for example cc-
pVTZ; and the ZPE corrections are necessary for an accurate
study of energetics of a chemical reaction. The theoretical
limiting value of the energy of a reaction and the reaction
barrier can be evaluated accurately and are comparable with
experimental values.
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